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A unifying event common to all traumatic or vascular insults to the brain and spinal cord is the
extravasation of blood. Extravasated blood is a principal toxin that leads to neuronal and glial cell
death, inflammation and permanent cavitations that are not spontaneously repaired. Early after injury,
blood enters the central nervous system (CNS) and directly kills brain cells but also orchestrates the
formation of an inflammatory zone that is never regenerated. This region becomes surrounded by
reactive glial and migrating stem cells that are induced to form a permanent scar. In turn, the
therapeutic potential of transplanted stem cells is restricted by extravsated blood and ensuing
inflammation. Here we hypothesize that inhibition of select components of the blood
coagulation cascade is both neuroprotective but also necessary to unlock the full therapeutic
value of stem cell-based regenerative therapies. The present proposal takes advantage of a long-
standing, cross-disciplinary collaboration between the Horner and Pun laboratories. We combine our
molecular insight in to the mechanism of thrombin damage with a state-of-the art bioengineered
hydrogel for the simultaneous delivery of neural stem cells and therapeutic agents. Due to the
challenges of sustained and directed drug delivery to the spinal cord, we will incorporate a novel
hydrogel system developed in the Pun lab that we have shown is safe when delivered acutely
following cervical spinal cord injury. These studies will establish the preclinical feasibility of anti-
thrombin therapy to both protect the acutely injured spinal cord and improve the therapeutic capacity

of stem cell therapy.
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1. Introduction

Our central objectives are to establish thrombin as a clinical target for preventing scarring and
inflammation following CNS trauma in order to insulate and augment the effectiveness of stem
cell transplant therapy. Our first aim is to engineer a tissue-responsive, injectable hydrogel to
inhibit thrombin and thereby lessen the formation of scar after spinal cord injury. Our second
aim is to promote host-transplant integration and regeneration by human induced pluripotent
stem cell (hiPSC) transplants by co-injecting a biomaterial containing neural stem cells derived
from induced-pluripotent stem cells.

In year 2 we focused our efforts on completing the engineering of the hydrogel. In year 1 we
discovered some cellular toxicity that could have limited the benefits of our approach in vivo.
This year we re-developed our material and have created a non-toxic and flexible platform that
is ready for in vivo testing. A second major achievement is the optimization of the material to
release a therapeutic in a bio-responsive mechanism. These successes bring us on target to

complete our in vivo testing and efficacy analysis in the trauma model in year 3.

2. Keywords
human induced pluripotent stem cell, spinal cord injury, gliosis, hydrogel, cell therapy,
thrombin

3. Overall Project Summary

MAJOR TASK 1
Subtask 1: Synthesize panel of thermosensitive oligoethyleneglycol -based polymers and

characterize by gel permeation chromatography, 1H-nuclear magnetic resonance, Fourier



transform infrared and ultraviolet spectroscopy. Synthesize bivalirudin-membrane-
metaloproteinase-9 linker peptide and characterize by mass spec and high pressure liquid

chromatography. May require iteration and fine-tuning based on characterization studies.

Subtask 1 Progress: Complete as reviewed in Year 1 Report. This work resulted in a publication

in the Journal of Controlled Release (J Control Release. 2015 Jun 28;208:76-84).

Subtask 2: Generation and characterization of neuralized, human induced-pluripotent
stem cells

Subtask 2 Progress: We have completed this subtask and results are detail in Year 1
Report. We have successfully induced neural stem and progenitor cells from an IMR90,
fetal lung fibroblast-derived embryonic stem cells. We have used retinoic acid to induce
neural stem cells from the spinal cord that subsequently differentiate into all three major
neural cell subtypes. We have also engrafted these cells in to the injured spinal cord
and published these studies in the journal Experimental Neurology (Exp Neurol. 2013
Oct;248:491-503). These experiments demonstrate that neural stem cells survive well in
the injured spinal cord but predominately produce glial cells and astrocytes in particular.
The goal of subsequent tasks is to generate an environment that will remove this glial-

genic signal.

Subtask 3: Synthesize bivalirudin-conjugated polymers and test for bivalirudin release
kinetics.



Subtask 3 Progress: In year 1 we conjugated a model peptide drug, bivalirudin, to
SPEG-b-P(MEO;MA-co-OEGMA475-co-NHSMA) to test conjugation efficiency and to
assess the effect of peptide grafting on polymer properties. Successful conjugation of
peptide to the polymer was confirmed by an increase in absorbance at 280 nm (Figure
1A). This work resulted in a publication in the Journal of Controlled Release (J Control

Release. 2015 Jun 28;208:76-84).

Subtask 4: Evaluate the mechanical properties and lower critical solution temperature of
polymers

Subtask 4 Progress: This task is complete. We measured polymer cloudpoints of the
oligoethyleneglycol-based star polymers in phosphate buffered saline using an Agilent
8453 UV-Vis Spectrophotometer. The temperature was raised slowly in increments of 1
°C with a 1 min hold at each temperature prior to the absorbance reading. The lower
critical solution temperature was calculated as the temperature at which the
absorbance reached a midpoint between the baseline and first plateau reading.
Conjugation of the peptide to polymer with a 94:6 ratio of MEO;MA to OEGMAy7s
resulted in polymers with improved solubility, but also an associated increase in the
lower critical solution temperature far above physiological temperature. In order to
compensate for the hydrophilicity of the peptide, conjugation was repeated with
polymers containing a higher molar ratio of MEO2MA to OEGMA475 (98:2 or 100:0). The
subsequent peptide-polymer conjugates had lower critical solution temperatures which
were at or below physiological temperature (Figure 1B). This makes the material ideal

for injection in vivo.



Subtask 5: Evaluate biocompatibility of neuralized, human induced-pluripotent stem
cells with polymers with mitotic indices and immunofluorescence assessment.

Subtask 6: Evaluate neuralized, human induced-pluripotent stem cell migration from
hydrogels via transwell assay

Subtask 5 & 6 Progress: We have now completed these subtasks. Unfortunately
biocompatibility was not optimal with the original material design. In short, in order to
determine whether degradation products of the hydrogel may contribute to the observed
cytotoxicity, cells were incubated directly on top of hydrogels (rather than
encapsulated), or separated from the hydrogel by a Transwell insert. While the
Transwell insert seemed to improve cell viability compared to direct gel contact,
significant cytotoxicity was still observed at 48 h post-treatment (Figure 1C). In year 2
we made several changes to our design and essentially redesigned the material
entirely. We are delighted to report significant progress in the development of a new
material (see below). Progress in the respect has prevented the need for any delay in
our SOW schedule. This indicates that polymer breakdown products may be cytotoxic

over long-term exposure.
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Figure 1. A) Viability of cells over time, encapsulated in various polymer
concentrations. B) Viability of cells treated with polymer-equivalent concentrations of
monomers, linear polymer, macroinitiator precursor, and macroinitiator. C) Viability of
cells deposited directly on gel (“Contact”) or separated from gel by a Transwell insert
(“Transwell”). D) Viability of cells treated with 41 mM, 82 mM, and 164 mM of DEGME,
modeling 5%, 10%, and 20% MEO2;MA hydrolysis, respectively. Treatments performed
in triplicate, except when tn = 2. Data are reported as mean = standard deviation.
Statistical analysis performed with a two-tailed Student’s t-test, *p-value < 0.05.

Based on these studies, we have redesigned our hydrogel material with the following design
criteria: gelation at lower critical polymer concentration (to reduce polymer exposure), selection
of more biocompatible starting monomers, and incorporation of bioactive peptides to improve
cell viability. To this end, we have synthesized injectable polymers by RAFT polymerization of
bi-functional OEGDA700 and NHSMA (Fig 2A). The resulting material is a cyclic polymer that
exhibits thermosensitive behavior, and can be crosslinked to form hydrogels. We have shown
that this material is well tolerated by mammalian cells. Cell viability using Live/Dead assay is

high (green fluorescent cells) and cell proliferation is observed, as evidenced by spheroid

formation within the hydrogel after 6-days of culture (Figure 2B). We have currently synthesized



functionalized laminin-derived peptides as crosslinking agents for this hydrogel, as neural

progenitor cells growth better in culture on laminin.
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Figure 2. A) Schematic of cyclic polymer synthesis B) Epifluorescent images of
mammalian cells cultured in cyclic polymer hydrogels for 1 and 6 days. Cell viability is
assessed by Live/Dead stain for Green/Red cells, respectively.

We have also tested the final composition of hydrogel using peptide cojugates IKVAV and

YIGSR to test for toxicity. In Figure 3 we demonstrate long-term viability with encapsulated

NPCS.



Figure 3. Neural Progenitor Cells Encapsulation. Hydrogel crosslinked with DTT and
DTT/Peptides (IKVAV and YIGSR), DTT:peptide=85:15. These data demonstrate long-

term survival with NPCs.

DTT/IKVAV day 5

' DTT/IKVAV day 8

MAJOR TASK 2:
Subtask 1: Obtain IACUC and ACURO approval for all procedures involving animals
Subtask 1 Progress: This is completed and IACUC protocol is approved. ACURO

approval has been obtained - SC130249.



In Figure 4 we diagram our peptide linkage strategy for conjugating bivalirudin to the
scaffold in a material designed to be bio-responsive to MMP3. MMP3 has been shown
to be upregulated after neural trauma acutely and represents a ideal target for in vivo
release. Also in year 2, we have tested the release of substrate from the material
(Figure 5). We have shown that our construction of proteolytic cleavage site produces a
selectively responsive drug release that is unique to MMP3 but not other

metalloproteinases
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Figure 4 — Material strategy for proteolytic cleavage of bivalirudin from the hydrogel.

Polymer-MMP3 conjugates are designed to have specific cleavage by MMP-3 enzyme.
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Figure 5. In vitro testing of MMP3 select cleavage of MMP-3 peptide cleavage
substrate. A fluorescent peptide was designed for testing release connects and
substrate was exposed to multiple MMPs. Fluorescence intensity ofr H-Arg-Pro-
Lys(fluorescein-5(6))Pro-Val-Glu-Nva-Trp-Arg-Lys(5(6)-TAMRA)-NH2 is shown. Note,
only MMP3 induces significant cleavage.

Finally, we tested conjugated bivalirudin release from the newly constructed material
(Figure 6). These data indicate rapid release of bivalirudin by MMP3 over 12 hours.
These data show that we have produced a material that 1) is non-toxic and
biocompatible with neural progenitor cells, 2) has an incorporated peptide linkage
that makes drug release specific to MMP3 and 3) capable of rapid release of our
therapeutic drug to directly effect transplanted cells. The methods and data for the
material formulation testing have been drafted for submission to the journal Chemical

Science.
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Figure 6. This is a test of bivalirudin partial sequence release from hydrogel by MMP3
enzyme cleavage. 0.5nM of Bivalirudin-MMP3 (BM3) peptide
(Ac(D)F}PRPGGGGNGDFEEIPEEYLGGGRPK(5(6)-TAMRA)PVE-Nva-WRKGGGC-

CONH2) was conjugated to 50ul of hydrogel which was then immerged in 450ul Tris
buffer solution, followed by adding MMP3 enzyme and cultured at 370C for different
time points. The concentration of released peptide sequence (blue) in solution was
tested by Nanodrop (mean + SD, n = 3). The release sequence was confirmed by mass

spectrum analysis.



Subtask 2: Synthesize dual-labeled polymers and evaluate bivalirudin release and
hydrogel resorption in rat spinal cord after contusion injury by fluorescence imaging.

Substask 2 Progress: We have made great progress toward this subtask. We have
performed extensive in vivo testing of HAMC hydrogel and established its pre-clinical
efficacy in an injury model. Due to our observed toxicity to stem cells in vitro of HAMC
hydrogel, we will perform our combined stem cell experiments with the newly developed
bi-functional OEGDA700 and NHSMA material. However, our in vivo experiments with the
HAMC material have shown strong biologic effect in vivo and we have published these
findings. In year one we have demonstrated that polymer-conjugated bivalirudin peptides
maintained activity while demonstrating enzyme-mediated release upon MMP9 exposure and
prolonged release from hyaluronic acid/methylcellulose (HAMC) hydrogels compared to free
bivalirudin peptide. Localized administration of bivalirudin copolymers in vivo at the site of a rat
spinal cord injury decreased cellular proliferation and astrogliosis, suggesting the bivalirudin
copolymer and HAMC hydrogel system are a promising therapeutic intervention for reducing
immediate inflammatory responses and long term scarring. This work was published in

Biomaterials Science (Biomater Sci. 2015 Jan;3(1):41-5)

4. Key Research Accomplishments

* Conjugated and optimized a bio-reactive material for therapeutic delivery of bivalirudin.

» Proven that a metalloproteinase sensitive material can be applied to locally delver bivalirudin
in the injured spinal cord.

« Bivalirudin release in vivo significantly reduces glial scaring after SCI.

» Identified potential material toxicity when stem cells are exposed for long time periods to

HAMC hydrogels and engineered a modification of the material to eliminate toxicity.



* Produced a new material based on cyclized vinyl polymers, synthesized by RAFT
polymerization and shown this material is not toxic to neural progenitor cells.

+ Demonstrated that a cyclized vinyl polymer and dithiol linker system provides a universal
template on which biomolecules and their combination can be applied to study the 3D cell-

biomaterial interactions and drug release.

5. Conclusion

There are multiple barriers that prevent the optimal delivery of biologics and cells to the injured
nervous system. A significant problem is the formation of scar tissue that has a negative and
long lasting impact on recovery but also limits the introduction of new nerve cells. Thermo-
sensitive hydrogels offer a promising approach to develop a material that can integrate into the
soft tissue of the nervous system. In this research we have modified hydrogels to become
biologically responsive to the negative cues that occur after injury. In particular we have created
a material that contains a natural inhibitor of scar formation; bivalirudin. The innovative aspect of
this research is the development of a ‘linker’ in the material that will only releases bivalirudin
when a scar-associated enzyme is activated. This reduces off-target effects and makes the
material bio-responsive thereby delivering only the dose that is needed and only in the
microenvironment that it can do the most benefits. In our first year we had tremendous success
implanting materials that reduced scarring in the injured central nervous system. However, we
noted significant toxicity to cultured cells. In year 2 we completed reformulated our material. We
have produced a cyclized vinyl polymer and dithiol linker system that can serve as a universal
template on which biomolecules and their combination can be applied to study the 3D cell-
biomaterial interactions and drug release. We now demonstrate MMP3-selective release of
either a fluorescent marker or bivalirudiin peptide from the newly synthesized material.
Combined with our research in year 1 we have now demonstrated the safety and efficacy of

delivering a thrombin inhibitor to the injured nervous system. We have also constructed a



versatile material that is biocompatible, over-comes prior toxicity to neural progenitor cells and
has a unique and highly versatile bio-responsive element to deliver our therapeutic selectively to

injury site.
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7. Inventions, Patents and Licenses

Nothing to report.

8. Reportable Outcomes
Development of a biomaterial prototype for bio-responsive delivery of bivalirudin to the
injured nervous system via direct injection.
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N/A
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